A suitable relationship between the linear refractive index n 0 , the energy gap E g , and the nonlinear refractive index n 2 has been looked for on the basis of experimental and theoretical data reported in the literature for numerous simple oxides. It has been established that the nonlinear refractive index increases with increasing linear refractive index and decreasing energy gap of the oxides. This is related to the increasing metallicity of the oxides. Oxides with a high nonlinear refractive index posses a metallization criterion of approximately 0.30-0.45.
I. INTRODUCTION
Nonlinear optical effects are introduced by expanding the polarization density P of a material in the power series of electric field E as follows:
where ͑1͒ is linear susceptibility and ͑2͒ and ͑3͒ are the nonlinear susceptibilities of the second and third order, respectively. In centro and noncentrosymmetric materials the third-order polarizability P ͑3͒ generates different nonlinear optical phenomena, such as intensity dependent refractive index, third-harmonic generation, four-wave difference mixing, two photon absorption, etc. [1] [2] [3] Among them, the intensity-dependent refractive index is of significant interest for a large number of third order nonlinear optical materials including crystals, inorganic glasses, organic molecules, and conjugated polymers. [3] [4] [5] [6] [7] [8] [9] [10] [11] For centrosymmetric crystals and glasses ͑2͒ is 0 and ͑3͒ has a finite value. The refractive index of a material subject to an intense electrical field 4 may be described by
where n 0 is the linear refractive index and ⌬n is the intensity-dependent index change. For a light beam of electric field E, the index change is given by
where n 2 is the nonlinear refractive index. According to Ref. 12, the nonlinear refractive index n 2 is determined by several physical mechanisms which have a broad time interval,
where the components on the right-hand side are the electronic, nuclear, electrostrictive, and thermal parts of n 2 , respectively. In the propagation of nanosecond laser pulses through a medium only the first two of the contributions are active. The electronic contribution of n 2 is included in the real part of ͑3͒ and is of a nonresonant type, while the nuclear contribution is included in the imaginary part of
͑3͒
and is of a resonant type. Usually, the optical frequencies are too large as compared to the vibrational frequencies of a material. In this case Re ͑3͒ ӷIm
. Then, for linearly polarized monochromatic light in an isotropic medium or a cubic crystal, 5 the nonlinear refractive index can be expressed by
The simple inorganic oxides are usually initial components for synthesis of crystalline and amorphous nonlinear optical materials. That is why the relationship between their linear and nonlinear optical properties is of significant interest.
The purpose of this article is to show the relationship between the linear and nonlinear refractive index of a number of simple oxides by investigating the parameters which are responsible for these indices and to find a suitable criterion for predicting the nonlinear refractive index.
II. MODELS OF NONLINEAR REFRACTIVE INDEX
A couple of models have been proposed to explain the nature of the nonlinear refractive index and the third-order nonlinear optical susceptibility.
Boling, Glass, and Owyoung 13 have deduced the formula for calculating n 2 on the basis of refractive index n 0 and Abbe number d ,
Fournier and Snitzer 14 have proposed a similar equation with the participation of the dispersion energy E d which has been defined by Wemple and Di Domenico 15 as a measure of the average interband transition strength,
where E 0 is an average oscillator energy and N is the density of polarizable constituent. A very simple relationship between ͑1͒ and
͑3͒
, the socalled Miller rule, has been presented by Wang 16 as follows:
This equation shows that higher n 2 values can be obtained for materials with a high linear refractive index n 0 . Another approach to the calculation of n 2 has been used by Phillips and Van Vechten 17 on the basis of a dielectric model. The main idea of this approach is that sp 3 -bonded crystals of the diamond, zinc-blende, wurtzite, and NaCl types are appropriate for description of bonding to antibond- ing state excitation using one energy gap. This model shows the contribution of the bound valence electrons to third-order nonlinear optical susceptibility as follows:
where N is the number of valence electrons per unit volume, C is the heteropolar part of the energy gap, e is the electron charge, and denotes the nearest-neighbor separation. A similar equation has been proposed by Levine 18 with the so-called bond-charge model,
where d is the nearest-neighbor distance and ␥ is a constant. A tight-binding approximation of sp 3 -hybrid orbitals for tetrahedral compounds has been suggested by Harrison 19 for describing a bond-orbital model. According to this approach, the third-order susceptibility ͑3͒ is given by
where V 2 is the so-called covalent energy, ␣ c is covalency, and ␣ p is polarity. Agrawal, Cojan, and Flytzanic 20 have obtained interesting results about the role of electrons in the nonlinear optical properties of semiconductors and conjugated polymers. They have shown that ͑3͒ in the transperancy region depends on delocalization of electrons and have suggested the equation
where K F and E F are the Fermi wave vector and energy, respectively. Analysis of the different models presented above indicates that the two parameters under consideration ͑linear refractive index and energy gap of the solids͒ are very important for describing the nonlinear refractive index. That is why we have looked for a relationship between linear and nonlinear refractive index and energy gap of simple oxides on the basis of known experimental or theoretical values for n 0 , n 2 , and E g .
III. RESULTS AND DISCUSSION
In an article on the effects of external fields on the optical constants of glass, Gan We have plotted data on the nonlinear refractive index n 2 obtained by Gan article. 23 It is seen that the nonlinear refractive index increases with increasing linear refractive index and decreasing energy gap of the oxides. A similar tendency is established on the basis of experimental data on third-order nonlinear optical susceptibility ͑3͒ for PbO-SiO 2 and PbO-B 2 O 3 glasses.
11
It is evident ͑Figs. 1 and 2͒ that PbO, Sb 2 O 3 , CdO, TiO 2 , Ta 2 O 5 , Nb 2 O 5 , and CeO 2 possess large linear and nonlinear refractive indices and small energy gaps. This is due to two reasons. The first one, as established earlier, 23 depends on the highly polarizable oxide ions of the above oxides and the high polarizability of their cations. This leads to a high polarizability of the whole molecule and easy distortion of the electron density in a strong electric field.
The second reason may be explained on the basis of the metallization theory proposed by Herzfeld 24 -26 for the metal-insulator transitions in condensed matter. For the condition R m /V m ϭ1 in a Lorentz-Lorenz equation 11, 23, 24 ͑R m ; molar refraction; V m ; molar volume͒, the linear refractive index becomes infinite, which corresponds to the metallization of covalent solid materials. 27 Therefore, the necessary and sufficient conditions for predicting the nonmetallic or metallic character of solids are: R m /V m Ͻ1 ͑nonmetal͒ and R m /V m у1 ͑metal͒. The large R m /V m value means that the width of both valence and conduction bands becomes large, resulting in a narrow band gap, 28 i.e., an increase in R m /V m or metallicity accompanies the decrease of the energy band gap. A similar decrease of the apparent optical band gap has been established in lead-containing borate and silicate glasses and can be related to the increasing covalent nature of the Pb-O bonds and the metallicity of these glasses. 11 Duffy 29 has suggested that a good correlation exists between the energy gap of oxides and their molar refraction, as follows:
By means of the Lorentz-Lorentz equation, Eq. ͑15͒ can be written as
where n 0 is the linear refractive index. This equation shows the possibility of calculating the metallization criterion ͑1ϪR m /V m ͒ of an oxide on the basis of its linear refractive index or energy gap, respectively. We have calculated the metallization criterion ͑1ϪR m /V m ͒ on the basis of two independent initial quantities ͑linear refractive index n 0 and energy gap E g ͒ in the form 1Ϫ͑n 0 2 Ϫ1͒/͑n 0 2 ϩ2͒ and ͑E g /20͒ 8 It has also been found experimentally 11 that the nonlinear refractive index increases with the PbO content in lead-borate and lead-silicate glasses.
IV. CONCLUSION
It has been established that the factors that govern the nonlinear optical response of the simple oxides are very complex. Among the most important factors are the linear refractive index and the energy gap, which are associated with the oxides metallicity. Oxides with a high nonlinear refractive index are found to possess a high linear refractive index and a small energy gap, which has been attributed to the increase in the oxides metallicity. 
